abstract BACKGROUND AND OBJECTIVE: In adults, leukocyte telomere length (LTL) is variable, familial, and longer in women and in offspring conceived by older fathers. Although short LTL is associated with atherosclerotic cardiovascular disease, long LTL is associated with major cancers. The prevailing notion is that LTL is a "telomeric clock, " whose movement (expressed in LTL attrition) reflects the pace of aging. Accordingly, individuals with short LTL are considered to be biologically older than their peers. Recent studies suggest that LTL is largely determined before adulthood. We examined whether factors that largely characterize LTL in adults also influence LTL in newborns.
Telomeres are fundamental to replicative aging in somatic cells; cell division results in shortening of telomere length (TL), and very short telomeres trigger replicative senescence. TL is proportional across cell types within an individual but is highly variable across individuals. [1] [2] [3] [4] Thus, individuals who have long (or short) TL in 1 somatic cell type tend to have long (or short) TL in other cell types. 1 Leukocyte telomere length (LTL) is the measure most commonly used to study TL dynamics (TL and its age-dependent shortening) and disease risk in human populations. The ramifications of LTL dynamics for human health are an area of active research. Although short LTL is associated with increased risk of atherosclerotic cardiovascular disease [5] [6] [7] and diminished longevity, [8] [9] [10] long LTL is associated with major cancers, including melanoma, 11 adenocarcinoma of the lung, 12 cancers of the breast 13 and pancreas, 14 and aggressive cancer of the prostate. 15 LTL research has been predominantly performed in adults. LTL is highly familial, with an estimated heritability of 65%. [16] [17] [18] [19] [20] Some studies also suggest stronger maternal than paternal effects on offspring LTL. 19, 20 LTL is longer in women than in men [17] [18] [19] [20] and in African-American subjects than in white subjects (of European ancestry). [21] [22] [23] Moreover, LTL in adult offspring is positively associated with paternal age at conception (PAC), measured in practice by using paternal age at the time of the offspring's birth. 20, [24] [25] [26] Recent studies suggest that having a short (or long) LTL may be largely determined during the first 2 decades of life. 1, 4 The present article tests the hypothesis that the characteristics of LTL, as described for adults, are already present at the time of birth. We build upon the Eunice Kennedy Shriver National Institute of Child Health and Human Development's study of nulliparous births (NuMoM2b [Nulliparous Pregnancy Outcomes Study Monitoring Mothersto-be]), a pregnancy cohort with a rich and comprehensive data set, including biologic samples.
METHODS

Subjects
The NuMoM2b study is a prospective cohort study of 10 000 nulliparous women with singleton gestations. All participants underwent careful assessments during each trimester of pregnancy. Information collected included interview data, selfadministered questionnaires, demographic characteristics, and clinical measurements.
Women were enrolled at 2 clinical sites, the Columbia University Medical Center (New York, NY) and Christiana Care Health Systems (Newark, DE). A total of 1861 women were recruited for the parent study in these sites, of whom 944 (51%) were asked to participate in the ancillary study of TL (Supplemental Figure 3) . Our protocol for participation was to initially recruit the mother and ask her permission to contact the father. We requested participation in 2 ways. First, women were asked to participate either during 1 of the prenatal study visits or shortly before delivery (n = 577); of these, 91% agreed and 99% of the fathers agreed. Second, women who had delivered before the start of the study (and a small number who had been missed before delivery) were contacted at home with the request for the father's participation. Of the 367 women contacted in this way, 45% agreed and 99% of the fathers agreed; the main reason for refusal was that mothers who had already delivered did not want an additional burden. All but 2 fathers donated blood. Thus, overall, 685 newbornmother-father trios were recruited, representing 73% of those contacted.
Data Collection
The present study used the extensive questionnaire data obtained by the parent study, including demographic and outcome information. Maternal blood samples and umbilical cord blood from the study biorepository were obtained for the measurement of LTL, and a blood sample was collected from the father for the same purpose. Maternal blood specimens used for LTL measurements were collected primarily during the first-trimester (63%) and secondtrimester (33%) visits, with the remainder collected at the time of delivery. Age-adjusted maternal LTL did not differ according to trimester of blood sampling (data not shown). All 3 samples (mother, father, and newborn) were available for 610 (89%) of the 685 trios recruited; for the remainder, blood samples were not obtained from the umbilical cord for a variety of reasons (eg, no personnel available at the time of delivery). In addition, 5% of the samples had insufficient quantity of DNA for LTL analysis, resulting in 579 trios available for laboratory analyses.
LTL Measurements
Southern blot analyses of the terminal restriction fragments were performed in duplicate on different gels, as previously described. 27 DNA was extracted by using the Gentra Puregene Blood Kit (QIAGEN, Valencia, CA). The interassay coefficients of variation for the duplicate LTL measures were 1.1%.
Assessment of Paternity
Paternity was assessed by using short tandem repeat analysis of 16 polymorphic loci (AmpFℓSTR Identifiler PCR Amplification Kit; Applied Biosystems, Foster City, CA). The absence of all 16 paternal loci in the child's DNA sample was interpreted as nonpaternity. We omitted trios in which there was insufficient evidence of paternity (n = 15), resulting in a sample size of 564 eligible trios (Supplemental Figure  3) .
Statistical Analysis
We first conducted simple descriptive analyses such as frequencies, means and SDs, and histograms to examine the sample distributions of the outcome of interest (newborn LTL) and key predictors of interest (PAC, parental LTLs, maternal race and educational attainment, newborn gender and birth weight, and gestation categories). The distribution of these variables was compared between those recruited in prospective mode compared with those recruited retrospectively.
We next examined unadjusted associations between newborn LTL and the key predictors of interest by using Spearman's rank correlation coefficients, t tests, analysis of variance, or χ 2 statistics as appropriate. The correlation between PAC and maternal age at conception (MAC) was also examined, as were the correlations between parental LTLs and parental ages.
Generalized linear models were used to test for differences in maternal, paternal, and newborn LTL. In an unadjusted model, we tested for statistically significant differences in the variance between within-trio LTL measures by using Levene's test. 28 To evaluate which variables were significant predictors of newborn LTL, the nonparametric smoothing splines were first fit by using generalized additive models to assess whether nonlinear models were required to adequately describe the relationships between the newborn's LTL and PAC and MAC. Because no evidence of nonlinearity was found, repeated measures analysis was performed by using generalized estimating equations to account for duplicate measures of LTL while adjusting the variance of the estimates for within-subject clustering. Missing data on the variables of interest (n = 74) resulted in an analytic sample size of 490 trios (378 prospectively recruited and 112 retrospectively enrolled), which were used in the primary analysis. All analyses were conducted by using SAS version 9.3 (SAS Institute, Inc, Cary, NC).
RESULTS
The mean ± SD age of the mothers who participated was 28.4 ± 5.5 years ( Table 1 ). The mothers were more likely to self-identify as white (56%) than African American (9%), Hispanic (29%), or other (6%) ( Table 2) ; the majority of mothers were college educated (62%). The mean age of fathers was 30.7 ± 6.6 years. The newborns comprised 44% female infants and 56% male infants. The mean birth weight was 3337 ± 534 g, and the mean length of gestation was 39.7 ± 1.93 weeks.
LTLs were normally distributed among the mothers, fathers, and newborns (Table 1, Fig 1) . LTL range was 7.01 to 11.6 kb (9.50 ± 0.70 kb) in the newborns, 6.19 to 9.81 kb (7.92 ± 0.67 kb) in the mothers, and 5.83 to 9.88 kb (7.70 ± 0.71 kb) in the fathers. Among female newborns, the by guest on September 24, 2017 http://pediatrics.aappublications.org/ Downloaded from LTL range was 7.01 to 9.58 kb (9.58 ± 0.71 kb); among male newborns, the LTL range was 7.14 to 9.42 kb (9.44 ± 0.68 kb). There was no difference in the variance of LTL measures among the newborns, mothers, and fathers (P = .61). LTL was significantly shorter in newborns than in ageadjusted LTL in mothers (P < .0001) and fathers (P < .0001).
The possibility of selection bias was evaluated by comparing the newborn-mother-father trios enrolled in the prospective manner with those enrolled in the retrospective manner (Supplemental Tables 4, 5 , and 6). Participation was very high among those enrolled prospectively (91%), and this group comprised most of the study sample.
Those enrolled retrospectively were more likely to be Hispanic and African American (P = .0005), were less likely to have a college education (P = .003), and had longer paternal LTL (P = .04). We also regressed paternal LTL on paternal age and found similar associations in the prospectively and retrospectively recruited fathers, regardless of control for other variables. In bivariate analyses, maternal race/ ethnicity and newborn LTL were associated only among those recruited prospectively, as was the association between newborn gender and newborn LTL; however, we attributed these anomalies to the small sample size in the retrospectively recruited group.
In unadjusted analyses, newborn LTL was longer by 0.144 kb in girls than boys (P = .02). There was a strong effect of maternal race/ethnicity on the newborn LTL, primarily driven by difference in LTL (0.34 kb) between newborns of white mothers and newborns of AfricanAmerican mothers (Table 2) . No significant differences in newborn LTL were found according to maternal education, low birth weight, or preterm delivery. Correlations between parental LTL and parental age were -0.14 for mothers and -0.18 for fathers (both P < .01). The correlation between PAC and MAC was expectedly high (r = 0.80; P ≤ .0001).
Age-adjusted LTL was longer by 0.175 kb in mothers than in fathers (P < .0001). Age-adjusted LTLs in the mothers and fathers were weakly correlated (r = 0.093; P = .041). Newborn LTL was correlated with parental age-adjusted LTL in the mothers (r = 0.47; P < .01) and fathers (r = 0.36; P < .01) (Fig 2) ; the difference in the correlations was statistically significant (P = .02). For female newborns, correlations between LTL and age-adjusted maternal LTL and paternal LTL were 0.49 and 0.33, respectively (P = .02, comparing the correlations); for male newborns, they were 0.47 and 0.41 (P = .19, comparing the correlations).
All associations persisted in the generalized estimating equation prediction model, which simultaneously included all variables. Together, all predictors accounted for 40% of the total variance in newborn LTL (Table 3) In a sensitivity analysis, a term for mode of recruitment (prospective or retrospective) was included, and the results were essentially unchanged (Supplemental Table 7 ). The analysis was performed separately for the prospectively recruited trios; in this analysis, results were also essentially unchanged (Supplemental Table  8 ). In the retrospectively recruited trios, no associations were found between maternal race/ethnicity and infant gender and newborn LTL; the expected associations in the prospectively recruited trios were found. We suspect these differences are due to random variation because the sample size in the retrospectively recruited group was small.
DISCUSSION
This study has 5 key findings. First, the estimated variance of LTL was similar in newborns, mothers, and fathers (Fig 1) . Second, parental LTL was associated with newborn LTL (Fig 2) , displaying stronger associations with the mothers' LTL than with the fathers' LTL.
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FIGURE 2
Correlations between age-adjusted LTLs in (A) fathers and (B) mothers versus newborns.
by guest on September 24, 2017 http://pediatrics.aappublications.org/ Downloaded from Third, LTL was longer in female newborns than in male newborns and longer in mothers than in fathers, after accounting for parental age. Fourth, LTL in newborns of African-American mothers was longer, although not significantly so, than that of newborns of white mothers and mothers of other races/ ethnicities. However, the power was low (African-American subjects, n = 45). Fifth, PAC was associated with newborn LTL. We did not have sufficient numbers of low birth weight infants (ie, <2500 g) or preterm births to evaluate these factors fully.
The LTL variance in newborns is similar not only to that of the parents but also to the variances previously reported in adults. 1, 3, 4, 8, 21 Our findings also extend to previous observations regarding newborns that the correlation between ageadjusted LTL in adult offspring with the mothers' LTL is stronger than that with the fathers' LTL. 19, 20 The longer LTL in female newborns than in male newborns is also consistent with the longer LTL in women than in men. 17-19, 22, 23 In addition, the magnitude of the PAC effect on the newborn's LTL (0.016 kb for 1-year increase in PAC) is similar to that reported for adult offspring. [24] [25] [26] Thus, key characteristics and associations established for LTL in adults are present in newborns.
As we discussed in 2 recent communications, 29, 30 the prevailing view is that LTL is a "telomeric clock" that captures the aging process, primarily in the form of accumulating burden of inflammation and oxidative stress. This view infers that individuals with short LTL might be biologically older because they experience a higher rate of aging, as displayed in a faster rate of LTL attrition. As shown in the present study, however, the wide interindividual variation in LTL and the major factors that influence LTL are already present at birth. In addition, other studies suggest that individuals who enter adulthood with short (or long) LTL are likely to have short (or long) LTL for their remaining life course. 1, 4 Longitudinal studies show that although LTL attrition during adulthood varies across individuals within a given population, 31 variation in this attrition is probably insufficient to produce a substantial change in LTL percentile ranking in the majority of individuals. 4 It is essential, however, to perform such studies during the first 2 decades of life, given that the period of growth and development entails much faster LTL attrition than during adulthood. 3, 32 The gender difference in LTL at birth is another salient finding that merits further comment. It was proposed that the longer LTL in women compared with men stems from a slower rate of LTL attrition in premenopausal women, presumably because of estrogen-mediated stimulation of telomerase. 33 We recently showed in a longitudinal study that the rate of LTL attrition is in fact faster in premenopausal women than in postmenopausal women and that regardless of the menopausal status, age-adjusted LTL of women was longer than that of men. 34 Those findings suggested that the gender effect on LTL is established before adulthood. In the present study, we show that the gender effect is present at birth.
In light of these findings and the present research, the concept of LTL as a telomeric clock of human aging is difficult to defend. By proposing that LTL is largely determined before adulthood, and to a large degree at birth, 29, 30 we have moved away from the paradigm that has dominated the field of telomere epidemiology for more than a decade. We question neither the effects of inflammation and oxidative stress on LTL attrition nor their role in aging and its related diseases, including atherosclerosis. We also acknowledge the effect of the environment on LTL. This effect is shown by the correlation of LTL between spouses, a finding observed before. 20 However, the joint effect of these environmental factors on LTL, particularly during adulthood, is likely to be small compared with the effect of the variation of LTL across newborns, which amounts to a range of ∼4 kb.
What is the relevance of LTL at birth to human health? We propose that long telomeres engender more proliferative potential of somatic cells, 35 which increases cancer susceptibility due to the accumulation of de novo mutations. 36 Short telomeres, in contrast, curtail replicative potential and attenuate cancer susceptibility at the cost of compromised somatic repair, contributing to degenerative diseases, including atherosclerosis. This notion extends to humans the 6 Atherosclerosis, which ultimately afflicts the majority of individuals (provided they live long enough), is among the most common causes of human degenerative disorders. There is now compelling evidence that LTL is relatively short in individuals with atherosclerosis compared with their peers. 5 The methodology of the majority of early studies that examined the LTL-cancer connection (with erratic findings) is questionable in our view. These studies suffered from critical shortcomings, including small sample sizes and enrolling subjects retrospectively after chemotherapy and radiotherapy had been initiated, which would shorten LTL. 39 However, based on prospective studies, a consensus is now building that major cancers (including sporadic melanoma, adenocarcinoma of the lung, and cancers of the breast, pancreas, and prostate) are associated with an inherently longer LTL. [11] [12] [13] [14] [15] Our results suggest that the propensity to major cancers associated with long LTL might already be present at birth.
This concept of antecedence (ie, having short or long LTL precedes by decades the manifestation of atherosclerosis or cancer) is consistent with the associations of LTL with these disorders being causal. Further support for causality is provided by the following observations. Genomewide association studies of LTL have identified single-nucleotide polymorphisms (SNPs) mapped to genetic loci that harbor genes known to maintain telomeres and those whose role in telomere biology is not fully understood. [40] [41] [42] [43] Jointly, alleles of SNPs that are associated with a short LTL increase the genetic risk for atherosclerosis, 40 whereas alleles of the same SNPs that are associated with a long LTL increase the risk for some cancers. 44, 45 It is reasonable to infer causality when not only LTL but also that gene variants related to LTL are associated with atherosclerosis and cancer.
It is important to underscore both the strengths and limitations of our study. First, we used the highprecision Southern blot method, which provides LTL in absolute units of length, 27 rather than the lower precision quantitative polymerase chain reaction method, 46, 47 which generates telomeric DNA content in relative units. Second, the NuMoM2b study provides a well-defined cohort with meticulous data and biospecimen collection. Third, for those mothers prospectively invited to participate, our response rates were excellent. Fourth, trios with unverified paternity were excluded.
The study is also limited in several ways. Although we had adequate sample size to examine some prenatal determinants of LTL, larger numbers are needed to fully disentangle the effects of PAC and MAC. However, given that TL is longer in sperm of older men, 48 it is possible that the offspring's LTL association with MAC is primarily due to the high correlation between PAC and MAC. In addition, the number of newborns of AfricanAmerican mothers was small, making it difficult to evaluate the association between race/ethnicity and newborn LTL. The response rate for the retrospectively recruited sample was modest as well, raising the possibility of selection bias in this group.
CONCLUSIONS
There is now a body of evidence, culminating in the findings of the present study, challenging the convention that LTL is a telomeric clock of human aging. Understanding the factors that fashion LTL at birth is crucial to gaining insight into the role of telomeres in major human diseases, including the 2 disorders that largely determine the life span of humans in high-income countries: atherosclerosis and cancer. Finally, although we infer that LTL at birth makes a substantial contribution to LTL throughout the life course, the contribution of postnatal LTL attrition during growth and development remains unmeasured and requires longitudinal studies that assess tracking of LTL.
